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1. GENERAL SURVEY

During the peribd 1st Novembor, 1961 to 31st October, 1962, work
has continued on the following projects:
1.1) Genexal Many-Eleotron hoory

The method of generalized produot fimetions, developed in previous
Reports and publications, has been extended in two directions. PFirst, the
strong orthogonality condition on the functions descridbing different electron
groups has been relaxed, in the two-group case, and the consequemes of
non-orthogonality are boing investigated in detsil. Secondly, i: has been
shovm that when one of the two group functions belongs to a finite aubspace
of Hilbert space (e.g. an entisymmetrized orbital product), the results easily
reduge to those of Sincnoglu and Szass. Some attention is now being given
%o the determination of optimum pair functions to describe pair correlations,

Cn the olher hapnd, the gemnerel case of two nor~orthogonal groups e
sufficiently important to merit further development: it is of special
jmporitance when the two eleatron groups (A and B, suay) eve in aon-singlet
states, Yor thers is then a non~trivial spii~ocoupling probles ond this lies
at the root of theories of ferromagnetic ond anti- ferramagnetic coupling,
Considerable progress has been made in this area and it has been alovm that
the Heizenbexrg coupling is the first tem of a spin Hamiltonian representing
the interaction energy in pawers of the spin scalar product SA( sB,

Actual applications of generalized product funotions are dlscussed

in other sections.



1,2) Calculations on Atams

Work on the sequence of beryllium-like systems, Li , Be, B,ene
bas been concluded and a paper has been submitted for publication. The
calovlations suggest that the electronic stmiwcture of atoms can be well
represented by a wave function of the form:

(1. N) = [ B, 0,Na) Ty st Naritg) oo ]

where the various foctors demoribe the X, L, M,....shclls and nay individ-
wally admit electyon correlation. This work is fully described in Specinl
Technical Report STR No. 1 (lst Sept. 1962).

1.3) Caloulations on Moleoules

Work on the NH2 vadical has been concluded “nd papers are in
preparation for publication: the work has already been desoribed in detadll
in STR No, 2 (15th Scpt. 1962). The celculations have besn concomed
mainly with the spin demnsity, which determines ihc hyperfine coupling
conatanta, and a variety of methods havo been emoloyed. These include the
unrestrioted Hartree- Fock method (with and without spin projection to a
doublet state) and the configuration intereotion method referred to in
the Final Teohnical Report (30th Nov. 1961) on the previous contract,

Fon-enpirical calculations on small orgenic molscules (e.g. formal-
dohyde) are being continued, with a view to devclopment of satisfactory
semi-empirical methods for dealing with much larger molecules, both
saturc;tod and unsatuwrated., This involves the detailed treatment of the

d clectrons, and a group-function appronch (each localized ¢ bond
being a "2velectron group") seans to offer considerable promise. Owing to

tpe srtaiptles ir the velues of many-centre 2-clectron integrals, it hag



been neccssary to start the systenatio develomment of integral programmes
for electronic computation. Progress has consequently been slow, but when
all programmes ars opereting it should bc possible tc deal very rapidly with
a number of interesting moleoulces.

An investigation of steric effocts in small molcoules is alwo
dependent on the availability of integral valuos. The caloulations have
.however been pressed to & point at vhich the mnin factors determining
inter and intra-molecular regulsions are becoming evident., In this
work o simplified modei, comsisting of twe hydirogen wolecules (representing
two neighbouring bonds) is beoing cousidered in grent detail,

Finelly, work on approximate self-oomsistent field theory, as
applied to the @ olectroms of conjugated systems, has continucd, Onc
notable edvance has been the developmont of perturbation methodo which
prosarve sclf-consistemcy up to first order in the wave funotion (third
ordor in the emsragy). Vith such methods, it is possilbile to dcfine atam
and bond polerizabilities, analogous to those used in lilickel theory, which
permit the discussion of substitution effects within the framework of a
self-consistent, many-eleotron thoory.

1.4) Electronic Computation

During the peoriod wnder revicw, much time Las been devoted to
programe developmont. FProgrammes now include imtegral oomputation (so
far up to three cenires only), matrix trensformations dcscxibing change of
basis etc., self-oconoistent field calculations, and various steepest descent
and matrix techmiques, The “Mercury" computer used so far will shortly



be reploced by the "Atlas" and the whole computational situation has had
to be roviowed, The Quantum Theory Groyp is to obtain its orm mmall *
camputer (IBM 1620), as a result of generous support from the NATO Rescarch
Grants Programme, and arrangemonts arc being made for use of a much larger
machine (BEaglish Llectric "EDF 9%), olose to this University, vhen
nccessary, Consequently, progromming will presently be switched from
*Autocode" to "Fortran' and ocnsiderable redevelopmant andé reorganization
will be neceasary.

Viork_Concluded or rublished (1st Nov,, 1961 - 3lst Oct., 1962)

1) Ring Currents in Aromatic Molccules. I. J. Maddo: and L. Mceeny,

J. Gheu, _hyse., 36, 2353.
2) Pertuibetion Thoory for thc RocleDirac Density letrix, R, lrileeny,
Thys, Rev., 126, 1028.

3) Guontun Organic Chemistry, R, I%/eeny, Amn, Rep. Chea, Soc., (iond.) 1961,

L) Bond Ilongth Altemation in Heterocyclic Ring Systcas, I 7, Davies,
Nature, 1%, B2,

5) Conformagione Molcculare di Polimeri lineari in Soluzione, V. Magnasco,
Lo Scuala in Agione (Periodical of Inte Nasionalc Idrocarburi, Italy),

6) An Bupirical Hethod for Calculating Barvicis to Internal Motation in
Simple ijolecules. V, Magnasco, Nuovo Cinontc 2%, 425,

7) 7Poly(ethylene oxide) in Solution, (C. iossi) and V. iagnasco. J. Polyacr
sei., 58, 977, (1962).

8) Tha Donsity Matrix in Many-Electron {uantum Mcchonics 3t. III.
Applications to the beryllium atom apd 4~electron ions. R, Ibiiceny

and B. T. Sutcliffe (Submiticd for troc. Ro. Scc.,).
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9) Spin Polarization Effects in Parumagnetic Molecules, A Caloulation on
the NH, Rrdical. R, Mcieeny and B. T. Sutcliffe, Mol. Physics (to
be published) (See alsc SR No. 2, 15t. Sept., 1962).
10) Unrestrioted Hartree-Fook Calculations on the M, Radical, B. T\ Sutclif;
(to be published) (Sce also STR No. 2, 15th Sept., 1962).
11) ¥Stark Effect in Hyirogen, E. Steincr, J, Chem. Thys., 37, A45k.
12) 7Classical and Continuwa Contributions to lolarizability and Force
Coustants, (. Byers Browu and) L. Steiner, J. Chas, Phys., 37, 461,
2. SCTENTIFIC /ORK
In this section we give full abstracts of recently published papors
and Special Technical Reports relating to work concluded durding the period
1st November, 1962 ~ 31st Octobexr, 1962, dlong with more detailed accounts
ot work still in progress. The viork in propress will be continued during

the contract period camemcing let Novamber, 1962.

2.1} Yave Functions for Berylliwn snd k-Electron Ions

The greous~function method, and the forms of the innev-shell and
outer-shell fimetions, were sumnarized in the Finol Technical Report
(3%0th Novo.ber, 1961) on the previcus contrect. The whole investigation has
now been described in detail. in STR No. 1 (lst Septusber, 1962) and o
paper has been submitted for publication. At this point, thereforc, we

nerely recall the results for the berylliua atom, these being typical,

g
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The calaulated total encrgies (in Hartree atomic wnits), with and without
the restriotion of strong ortliogonality botween inner and outer aiells, are
consored below with the results of the one-deteminant calculation (Slater
orbitals) with Hartrec-JFock culculations, md with the virtunlly exact

values obtained from exceedingly large varictional calculations,

1 Deverminant ¥ Ortlogonal Non-Ort logonal Exact
! ' Groups ‘ Groupe
;. 556 {~14.573 l -1y, 611 l ~16, 621 ‘ ~ 14,667

It is seen that removal of the strong orthogonality requircment lcads to no
great improvencnt of the group~function reewlts, although it introduces

tremendous complications into the caleuletion., Tids is cncowraging ad

Pt

ends support €0 the belief that systemo with scporate parts can he

accurntoly desceribed by uweilns on entisymmetrieed vreduct of group functions,
The variational calculation, in which cech grouw is mode seliconsisient in
the field produced by all other groups, vias found to be ol convemient

and ra;idiy convergent. The clociron corrciation introGuced within each

group wes investipgated by calculating the noir Suncticn for eleotrone of
oprosite soin and cokparing this with the (wncorreloted) preduct aprroximation.
The resultont "correlotion holea" (radial in the inner shell, angular in

the outer shell) werc plotted cnd discussed,
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2.2) Spin Demsity in_the M, Redical

Calculstions of the spin density, using a varicty of methods and
appraximations, have been fully rcported in STR Mo. 2 (15th Scpt. 1962),
Here we briefly mummarizes the mcthods and results obtained,

There are basically two approaches (i) using configuration inter-
notion ond (ii) using unrestricted Hartrce-Fock funmctions. All ealoulations
were performed with two alternctive cholves of orbital basis, Slater A0's
and numerical SCF AQ's,

{1) Configurntion Intersotion Caloulations

A wave function is constrwted along the linco of ikcilceny and Ohnol)
from the nitrogen orbitals ls, 2s, 2?;’ Zpy, 2Pz and the hydrogen orbitals
h'L and h2. The velence orbitals are Sohmidt orthogonnliized against the
nitrogen inner shcll and then hybridized (roughly trigonally) so that two
hvbrids, t, ond t,, point directly towurds the hylrcgams (with orbitals L,
h2) , the third being associated with the lone pair, fhe resulting orbitals
are then orthogonalized symmetyrically, among themsclves, in order to provide
for the constriotion of strong~orthogonal ifwetilons fbr the various electron
groups. The groups and the orbitals used in deseribing them arc tha as

follows

Group ‘ A ‘ S B, i B, ‘L {4,1)

Orthogonal AD's ‘ 2p, 1 le | ty, hl‘tz, h, lt_,’

™M:e Lond orbitals employod are



B, = 0086 t, + s5in® hy (bonding) (i = 1,2)
- (4.2
B, = sin@ ¢; - cos@ by (antibonding)
The '‘ground state' of cach bond is them described by
By (1) 31(2) @4 L2 (£.3)
while the lowest triplet states are

Here @,,m is the spin function corresponding to spin eigenvalues s,m,
The triplet funotions of each bond may be coupled with the odd dlectron to
give an excited dcublet fumotion for the whole molecoule and this mixes with
the one-configuration ground state, putting spin density into the bond., This
is the mechanism invoked by several authors (e.g. McConnell and Chestnutz)) ,
which has been treated clsewiicie in 2 vory general way.

The experimentally obsexved quantity is the coupling constant 'Jn
which appears in the part of the spin Hamiltonian linear in the nuclear

gpins, nemely

Fh gt

This is related to the spin density at nucleus n by

)
’ P} SR e Q ( )
n® T Yl

vhere Ql(ln) denotes the diagonal eclaacot (1’ = 1) of Ql(l;r-), evalunted

at nwleus n, If the elootronic g fuctor is taken to be 2.0023 and the
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spin density is measurcd in atomic wnits of vol.ume—l, this becomes
J = 400,12 g, Q)(1) Me/sea
The nuclear g vulucs assumcd are#)

8y (hydroge) = 5,58540 g (nitrogen) = 0;40357
and whon these mlues are uscd the results listed in Table 1 are obtained,

Table,l 11 Conatants (CI

Slater M0's SCF AD's Experinental.
Nitiogen J o 22.3 11.5 1445 ik/sen
Hydvogen  J ~38.8 ~22.8 {(~) 33,52 lMc/scc

(4i) Unrostricted ihrtree-Foock Calculations

In this approximation the electrons are divided intc on « -spin

group and a £ ~spin group, ond we take

PN = LT, ..08) @ﬁ Ng1, . v ]

wherae Qd , @;5 are usually antisymmetrized orbital produots. The s,in

density is simply
Ql(l) = Po,: (1) - P/3 (1)

where, for example, P, (1) aenotus the diagonal element of the apinless

+ +
donsity matrix P3(1;1) for electrans of svin +%. The variational methods
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for detemining ¥, and ¥, (without orthogonality restriotions ou the
crbital factors) arc well known: they comprisc tho "unrestricted Hurtree-

Fook" approach. The ocoupling constants detemined in this way are given

in Teble 2,
Table 2, Coupling @stam:s‘m)
Slater M's SCF /0's Experitmental
Nitrogen 75.2 39.4 1L.45 Mo/seo
Aydrogen ~35.3 =25,0 (<) 33.52 Mo/scc

One major dicadvantoge of this approaech is that the fumctions used
is not 2 pure doublet, and it is not yet cleor how importent the contamination
by functions of highcr mudtiplicity may be, Another avkward feature is the
"gplitting® of the ls corc orbitals, vhich recognizes cloctron correlation
in the corc {decreasing the variational encrgy) at the seme time as any
“spin polarization” effects, Strictly tho two effects should be independent,
and some of the core splitting (which appears ws the difference of two very
lnrge quantities ond is therefore difficult to calculate accurately) may in
foct by spurious, = Two modifications were thercfore investipnted: firat,
the "freezing® of th¢ core (& and B eleotrons being given the same 1s
orbital: and, socmdily, projeotion of the ono-configurntion functiorn to a
pure doublet statc., The first modification wvas of limitcd importance, But

the second yieclded rather different results:
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J(nitrogen) = 26,2 J(bydrogan) = «16.7  (SCF 20's)
The spin centaminotion by higher multiplets is therefore a very serious
factor. f%nis contemination should of course be rwoved before the
variational calculation but this leads to mony difficulties. One great
advantoge of the configuration interactiorn method is that theso diffioulties

are avcoided from the start,

References

1) R, Moloeny and K. Ohmo, Proc, Roy. Soc., A 255, 367, (1960).

2) H. M. MoConnell end D, B, Chestnut, J. Chen. Diys., 28, 107, (1958).

3) R, McWeeny, Preprint No. 57, Quantum Chemistry Croup, Uopsala Undversity
(15¢h Yov. 1960).

4)  J., Popls. V. Sohncider and I, Bermstein ™igh Nosclution Fuoloor

Vagnetic Resonance”. (JeCuay 1L, 1959
an \
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2.3) Group-Funotion Culoulations on Stall Molocules
Mol/oeny and Ohnol) have shotm that in the case of the water molcoule the

results of LCAO-M0 SCF oaloulntions can easily be surpassed in acouracy

by using on antisymmotiiged product of groun fimotions and including CI
within cach of thesc group fupctions, The aim of tho work desoribed hore is
to mxtend these calculations to other =woll molecules and to investigate the
possibility of a seniempirical development vhich would make the method
applicable to larger molecules.

The starting point for thesecalculations is 2 basis of orthogonal-
ized atomic orbitals, so choson as to anphnsize the locclization of o <bonds
and lone-pair electrons. The total wave funotion is then given by

W (1,2,....0) = H;(-I)P\I/A(lﬁ) Wp(3:8) e (2)
whese the two-elcotron funcijon deseribing a locelised o bond (R) is

(1,2 = adNLD) + 05@3(1,23 + C§«’!§§(1,2)

with B, (1.2 = (4 &) N
5,(L9 = z2{(@p,) + 5, 8
T5(1,2) = (845, 7 2
vhere #,(1) = 2"’%{)(&(1) + xb(l)i
BAD = 23 (1) - x, (] y

Here (8,0 3) stonds for 2 ¥det 183D (1) B4(D73(2)] and X, and %,

ave orthogonal AQ0's on atom & and b respectively.
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The total electronic energy can then be written as

Ey =By pt iy
wher'c BY-R in the total electronic encrgy of tho system with group R
renoved, while ER is the energy of group R in the field provided by the
rest of the moleculc. ER is obtained Ly solving & 3 x 3 secular equation,
the matrix cleuents of which can be derived in the wsual way in tems of

1y, = S NS08, (D2

and u.ﬂn) =f ¢im¢k(2> = 4408, @avay,
whers R g() = BV « Z(ﬂm K3 ).
hP(1) is the kinetic + potential onergy opcmtor 7 (1) and 76 (1)
the Cowlomp and exchange operator respectively (of. Mcilceny 2) ). Now T, i
and (iJlk1) can be expreesed in tcrms of the corresponding quantisics Olg , Pob
and {abied) over AO'a Xo: Xp €tc» vhere the o's and ('s new contain
all interactions between different groups and oz,N and (6,,,, arc the bhave-

K " R K
nucici quoantitios o, =er X pdv ond Lab = jx ’1 X pdv:

Oty = (xi + S;&) {[(aaluu) + (aalvv) ~¥(aulau) ~F(aviav) ] \
+Ye [(ealuw) ~ (aalvv) .-gz(aulau) + -.‘}(av}av)]
o (2(caluv) (aulav) ]}
(Bab =f5gb + Sé_m{[(ab!w) + {ablvv) =i(auibu) ~4(avi bv) ] f())
Y [(ablw) ~ (ablwvv) ~F(auldw +i{aviby) ]
+X [2(adlw) —H(aulbv) ~F{avinu) ]} )

a and b denotc hers the AD's XR and XR involved in bond R, u cnd v the
S g a b
A's Y und Xy involved in bond S.
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The parancters xs and YS are given in terms of the ccefficients in equ. (2)
by
X5 = (ci)a - (C§)3
1= A N
YS remresents the amount of charge transfexred from orbital v to orbital u
ig bond 8, wherces X’S is asscciated with the charge donsity within the
bond, This is cvident from tho one-body density matrix
o5(1;1) = 2 f@s(l,z) ® (10,2 ax,,
which becomes, after integreting over the spin varisbles and introducing
the quantities d‘SN (31;1%) = Xi(l) )C‘S,‘.(l‘) gte.
1>§(1;1=) = (1 + Ys) d‘sm(1;1‘f) + (21~ Ygafv (1;17)
¢ X, (89,0050 + & (129)]

YS is expcoted to be mmall for bonds of low poleriiy, being detcmained

(%)

esscntially by the difference of the electronegntivities of the atoms

to viicn u and v arc attoched, whercas ixsl is axoceeted to bo close to

unity for localized bonds. (In fact, preliminary calculations for H,C=0
show that lxsl= 0.97 ond Y, = 0.08 for the CH bonfl; correspending values
for the 00 & bond being 0,94 cnd 0,19, and for the » bond 0,90 ond 0,08).
This analysis can casily be cxtended to include conjuguted moleculcs,

i.e, molecules vhich contain one group of more than {0 delocalized elcctrons
{w eleotmns) . If we describe the m eleetron group Q aa usual in 41 electxon
theories by a one-deteminont wave function the ¢."s anc ps in the crnergy
exvression for this g roup arc still given by equation (3). %his shows

that the w's and 's defined in (3) are closely relatcd to the corrospondiing
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quantities in the somi-empirical theorics of rariser and Para®) and rople
where the negleot of differential overlap and the aporoximotions involved in
evalunting thc Coulombd integraia (aa|bb) can be Jjustifiod by assuming that
the basis orbitals arc orthogonalized AC's (cf, w«aaqy5)§ » The rresent
formulation theroforc suggests a way of calculating the o's ond fis

in these theories. This would be of intcrest for ememple in cstimating

the differonce betweer. the paxamsters for the nitrogen atam in

= N
Qe
H H
In the prosence of & 7 clectron group ¢ in the molecule, cquation (3)
for the a's and F) 's of the two-electron group R has to Lo chianged
into (3°):
® = af +séa{)[(aazuu) + (salv) - Jlovlad) ~ slaview) )
g [(calvu) - (aatw) = f(aviaw) + &(avlav) ]
+X, [2(salw) - (aulav) ]}

+ 2R [2(aalrs) - (ar)es) |
2t L2 (39
F’a‘.) = ﬁgb + Z {[(ab\uu) + (ablvv) - L(oulbw) - E(avibv)]

S (*Rq) ,
N +Xg [(abiuw) - (ablvv) ~ ;ja.(aulb\ﬂ + 4(evibv) ]
+Xg [2(abluv) - F(aulbv) - %(avibu) ]}
+ ZR {2(abirs) - (arlbs)}
rs I8

TPho R -matrix is given in tcme of the mtrix I of the @ orbital LCAO~

coefficients by R -TTY, This shows how ~ by treating all 6 bonds and lone

pairs as locolizcd two-cleotron grouss - the somi-ampiricel theories of
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Pople & rariser and varr ocaun be extomded to include the 6 elsctron
framowork explicitly and to treat satumated compounds as well. Ome
possible vay would be to calculate all one- clectron integrals rigorously
(this is quite feasible, becausc the cne- and two-contre integrals can
be ovalunted in closed form, and thce number of three-centro integrals

is rather limited) and to get the o?' 's and ﬁN ‘s (over orthogonal hybrid
orbitals) by a symmotricul I&wdin orthogonalization, The two-clectron
integrals, which are very numerous and thc evaluation of which is very
time consuwning, could then be approximated along tho lines suggested Dy
Pariser & Parr and Pople.

The formaldehyde molcoule was chosen os a first cexansle to ocompare
various approximations with the exact group-function calcwlations ocutlined
above, largely because the integrils over Slater ortdtale arc available
{(Duncan et aluc)). Programnes have been viritten and trsted

a) to generake the transformation met#ix which trunsforms the

original basis into orthogonalized hybrid orbitals localired
in the bonds;

D) to transfom the ono-alectron intcgrals;

¢) to trensform the two-electron intograls.

d) to perform the group-funotion calculaticn in on itcrative way

by solving the sccular equation for eoch ¢ roun in turn, starting
#with Y=0 and X = 1, until seif-consisticnuy is roached,
Several modifications of progromae d) heve been writien to calculate axcited
states and to treat thc o elsotroms and the oxygen lone-pair clectroms
togethor as a four-electron group ctc. Progrommcs b) and ¢) are completely
genernl, a) and d) can be easily modiifivi and adapted for the oulculation of

other molscules. No final results have been obtained so ihr, crrors being
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suspeoted in some of the integrals listed by Duncon ot al. (Sane exchange
integrals beoonc negative after the transformation to on ortingonal basis),
Sone new threo-contre integrals are ales required in transforming the one-
centre integrals to an orthogonal basis, These eancel ench other in a noleoular
orbital treatnent and are thercforc not given by Duncan, In rcoent months
the main anphasis has thereforc been placed on the development of couputer
programncs for the evaluation of all melcouldw intcgiuls over Slater
orbitals, So far progrummes for the evaluation of the following; intcgals
have been vritten and are in verking order:
(i) one-centrc intcgruls

(ii) two-certre one-electron integrals

(iii) two-centre Coulomb integrals

(iv) two-centre hybrid integrals

(v) tlrec-centre onc clectron integrals

Programnz (1) fbllows the analysis by Eoys7), prograpoaes . id) and (134)
that of Rootkmena); irogrommce (iv) and (v) usc tvwo- wd three-dimamesional
nuacrical integration (cf, Megnusson and .'J).z.‘-li9)). The Barneti-Coulson
methcdlo ies intcnded to be used for the remeining inteprals, as well oa
for the threc-centre onc~cloctron inteprals vhere it ic loped to be faster
than numcrical integration; Gauss integroetion using zn 8152 point lettice
(16 points for both variables  and ry , 32 for & )gives only en accuracy
to threc figures for a threo-centre onc electron integral and tokes apirox-
imately 12 min, Two~dimensional intogrotion using n net of 512 points give
& six figurec accurcey in the cnse of hybrid integrals and {akes aporoximatcely

20 sec.
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2,&! Inter ond Intra-’loleculzar Intercotions

The problen of tno interaction of two ﬂ2 dolecules i being
invegtirated as o first step in the study of ore complicated syatems

(e.8. (:!I3 - CH3 and the related probvlem of borriers to interncl rotations).

b
7 d

- w)

> D
Q

The fr.co.rc‘.;{' ~ o the aysten is illusirated in Figure 1, One polocule
is Jixed, thc other onc can roiate around the ac cxis 'woninn tae
diztonece D = Ro.o con tant, ite tate of interncl roiotion beinrs
snecifiod br an ongle 7 ncrsured from the coplonar nogition in <hich
the mieclel b,d 1ie on the same side /it rosneet to the line ‘oining
tie nveloi n,e- (2= O ). R 4n the equilibrirn interr:clecor distance
of o nz nolecule 1in its provmd stote (1 zg) « Our main interest is in
valucs of D>> R, Ar o bapis we use 4 ntondc orbitals 2,0,.c.7 which

hove the fornm:

3\
o= (&) api-krad) ,



A P

i,e, ls-hydrogen-lils A0's centred on the nucloi a,b,c,d. The symbol
1 stcnds for the tiree spaticl co-ordinates of eleotron 1, Fa1 is tho
distonce of electron 1 {rom the nusleus ¢, ond k is the usucl sereening
constant, e ~ro studying tro differeat approcciios to this problenm:
A) The onergy cpprocoh,

B) The force field cnprocoh.

A) Tho energy approcch

"o nosume that the two syotems A amd B (each vonsisting of two U nucloi

and tvo eleotrons) are cpproxinctely  sep~rried, in the sence that the

spaticl parts ol the wove functions desoribin: tho seporcted olecules

from 2 quentun eohanical point of vicr do not h've an apnreciable

overlen. The voalidity of this approximation hes been disenssed elsewdere.1)2)
Lot us suppose that A ond B zre in their clecotonie pround strte 123, and

that wo con describe each of tiea b:- 2 "lleitler-London + imnic" wave

function of the f'orm:

$, (1.2) [Deleb+ba)+hzaa+hs bb][ﬂz (opp a)]

@ (3,4)=[)\1(Cd+dc)+ A cc *Xsddj[ﬁ(dﬁ—jﬁﬂ

where é A ond é B oare individuclly noranlised. "o construot the
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wave function B? for the total uyoten in the form:
W(102131 4‘) = M (%‘ @A(i'l) éa (3'4.)

vhere M is o normalization factor and 1' is 2 prrtial antisyviotrizer,
go th-t lPis completely cntisymawuric with respoct to the exchange of
any prir of electrons, e oan ot this point dictinguish: botwreon twe
[odedeis):

I) Ctrong ort oroncl cioe.

II) Non-orthoronal case,

I) ©“trong orthoronal case

Ve otart from an ortho-norialized sot of A0's
F-@be d)

which may be obtained from the non-orthogonal sct n) = (abcad) by

moanc of ¢ symnetrical orthogonalization:

~ik
P-ph -p®
T.
where $P, [P [P is the 4 x L overlap motrix in the basisP .

\le construst @A from (2 ) and @B from (¢ @), In this cace the

conditions of sirong-ortaoronality holda:

{ @:@14’) Cﬁa(i,j) dr =90 .,
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The liamiltonicn for the systen may bo written as: *

ﬁ' = ‘Fén'r %Q) »
Id b -
o= & Z, GO0 Glo, =Ry
& ) .
= > )]
¢é’€,' ;1 ﬁ(b)"" 2,?'5-/ % )
/ ( ; Ve -4
LO--4TO OO 40P =T

vhore tho symbols have on obviova .aeaning rnd atomic ntis (av) are used
throushont, Tho oxpectation volue for the electronic enerpsy is given byz“)S)

_ A B A B _jAB KAB
E-E+E,+C+C +T -k

where:

| A
EA- f[ﬁA(i) Ef(r,i')] g0+ f g quD B, (12;12) duzel
ch. fVB(i) P: (4)1) duy
TAE H ﬁ (1,2) Pf(1;1) ]?18(2;2) du-idu;_

A B,
R L H@U.Z) B (2;0) B (4,2) duzdu. .

A A )
tore By (41 ,Pa(iz;' 12')

B 1 B ,
the 2-body snizless de-sity natrices for the systen A,PL( 1;1), Pz (12,‘1'2.)

are respectively the l-body cnd

the same aquantities for the sysitem B, Every term in the nroceding
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expression for the enorgy hes o very simple paysical meaning, Jor
computctional purpogses it is convenient to write the preceding equ:tion

in ¢ 2ntr’x form as follows:

a—

Eezrr-ﬁ-ﬂ ﬂ)1 +‘%+r§[2. y

whore ‘tr' neans "trace", cnd h ana E are respectively the nntrices
collecting the 1=elcetron and 2«-electron inteprals in tho basis 5.

6),

They cre releted to the non-ortiioronal basis p by the mctrix rolotions
h-Q k@

_ et @

g @ 9@ .

llers h is the 4 x 4 motrix of the i~electron interrclis in the basis

it

i

P ans %tho 10 x 10 2-elcotron netrix in tho save basls (the natrix
eleaents bo'ng arranged in o dictionary order). hile this nmethod is
well cdapted to ¢ caleculation of the cotal electronic energy (cnd easily
extensible t> nore complioccted sotems), it does not allow for studying

explicity the dependence of the elecetronic energy on the rotation angle 9.

II) MNon-orthogorcl cnae

In ‘his case we ugse a: a Lasis the set:

ﬂ):(ﬂa b c d).

The eleotronic interaction energy is givon by 7):
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2 AB
E'W’: _ C*«v CBfTAf KAB‘F ,,Z;[’e"‘

n=4

AB AB,
+ M, - S, (E:*E:)]

where the torms LAﬁs HA':, 8‘3 desorive the co colled "menctrotion
effects" duc to the overlap of the elcctron clou’s - EoA and EoB
roproaent in this cose tho cnergies of truly senarc’ed s -ctens A and B,
ond ~re incependent on 2. For gufficicntly lorpe velues of D, the

receding equetion any bo with o good anproxi v tion revrccented b7

) B AB AR kB AB 4 g
Eeﬁcy (C A_..C%‘IA?. K* )(i- S:t )+['€1+M1 - Si (EO*EO)]"’""

a3
Using the Mulliken cpproximotion for evoluating the molocul~r inierrals ,)

vo Jind thot the totel interaction enerpy tokes the Corm:

E = E'+_fi(r) e:.r+ fz(r') é.zr + fsf-i

vhere r = Rbd (au) - %' and £, ore constant, i‘1(r) ond f‘2(r) cre functions

3

involving polrmoniols in r. Beozuse the variaction of f1 and 1'2 with

r i3 mich snaller than the exponential ona, e con csovme f1(1‘) end fz(z‘)
constant with respect to § cnd equal to cn overcpe value i‘1 and fz.
So we et the exnrcssion:

A R T A
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This exprossion is closely sinilar to a preceding relaticaahip found
eapirically and which allowed to caloulate thoe barrier to intermal rotation
in ethane-likc molecules vith a very high degrece of aocurac;:‘g) . Caloulations
for different valucs of D and O using the exaot equation are in progress

for testing the importance of different approximote wave fimctions and

the possibility of approximating the molecular integrals by tho ilulliken

8) 10)

avproximation ’ and binolayr expansiom™ . For comparison the exact

caloulation of nulticentre intcgrals by the available standard uetl wdsll) 12)
is in progress,

B) The force ficld approach

This approach is based on & theorca due to Iiellmannljj aﬁd F‘o,y‘manu") , wiich
states that tiac forec on a given nucleus in 2 nolecular syst.ww is just the
oclassical eleetrostatic force that would be oxerted on this nuclcus by the
other nuclei and by the electrons regarded as a static charge distribution
of density Pre Once the eleetron charpe distribution has been deturuined
according to th. mcthods of molecular quantun mechanics, the forve on o
given nuecleus in a molcecule may bs caloulated on a purely classical electro-

static basis, If § is the expcctative wnluc for the emergy of a systom with
wave function 'ﬁ) and Haniltonion %’ s e may write:

€ - [P 2 (W'wdra1
oE _ W’l«-/b‘%—q{)&t*_zg\@v%y%

9



beoause % is hormitean. Thc seoond intceral in the right-lvmd side
voniahes identically for a stationary state when 1}_’ is thc cxaot wave functiom
for the systom and cluo when 11’ is a variation function containing suitable
pammoters.]‘S) In the _rcsent oase we usimply assume, at first, that tuis
term is smcll campared with the first.

In this ap roximotion, we get the folloving ox ression for the

ex ectation wvulue of tiae foroe Fe aoting on tile nuel.ous 4d:
Ra-% [ty -- |gr2ly
o = ’06 7

bocause the kinctic . n.rgy part of 46’ does not de_end on tie cngle e .
An insoeotion of the ex.lioit form of th. sotentlal oncrey opomtorv shows
that tiic only toras widich desend upon 6 ara the nuwlear repulsion Ru

between the nwlei b, 4, and th¢ nucleus=eloctron attraction -—\"d.i:

. ? P(:xf%'z’) , //4
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Ist us assume a system of 0co-ordinates as that in Pigwe 2, and lct us
scparato the foroe 1’9 in the part depending on tho nuwlous-nuwlous intor-
astion and the part depending om tho auclous~eloctron interaotion.

e get casily:

Eg= Fan + Foe'
Fef'l: RQ. —S.U" [2) [oa'q. 1“3'(1“ Co g)]"b,ﬁ.

F:' =-R XT* [_(;. ' Ron-B- z'cxs 9)"‘.;%]1? at .

The last exnrossion can be easily simplified introducing the 1-body spinless
density matrix P;(1;1) for the vhole syston:

Fo'= - R [/ awo-gy'eon ) rd P TR Doy,

The evaluation of thc expootatiom valuc for Fee is redwed to the evaluntion
of a certain nunbor of l-electron moleculaxr intograls involving l-, 2-, and
3=oentro, ond this may be conveniently serfomed by means of o numerical
integration in clliptical co-ondinatos,’? Onoo 7® has boem evaluated for
given values of b , the mergy as a fimotion of the angle # can be
obtained by integration,

E()=-|F,de.
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lork along thesc lines is in .rogress for o cumparison detwecn the

two differunt approesciios.
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to
FTR on Controct lio. DA-91~59)=TUC-2034, 0I-26235-B
I, Personnel tc.

During the oontract puriod Dre D, ., Davics hus left the Group to
take an appointment as Leoturer in Dhoorctical Chenlstry ot tiic University of
Grdningen (Netherlands), Dr, B. T. Sutcliffc has joincd tic Group at ii.I.%.
(voriedng with Froicssor Darnctt), and Dr, Aspor Ali hoo been appointod
irofessor of Yhysical Cheniotry et Iresidency College, Calouttc, Dr. Urich
Steiner has Joined the Group ond it is hoped thet further apnointoenta will
Yo made anxing the yoar.

Ti. Lian howrs. 2aterinls, Pronerty

A rough estimctc of man hours exoended on the Drojeet during the

contract weiiod is:

Dr. A, AL 2000 hrs
Dr, D. W, Davics 1000 hrs
Dyr. M, Klossinger 2000 hrs
Dr. V. lzgnasco 1800 trs

Dr. 3. T, Sutcliffc 2000 hra

¥rinclpal Imvestipotor 300 hro

Only one of theac appointucnts van rovided waolly at contract
axnendc, others boing wmaintoined wholly or in porxt from other sources
(Fcllowshinz etc.) . No expendable matericls were involved apurt fron those
included in overheuds (atationury otc.) and no imortant _roperty was

noguired ot direot comtreot axpense.




LLLXUNE. PLOS

During the next oontract period lat Novamber 1962 - 31lst Ooyober, 1963
4t is hoped that four pieces of work will be concluded:
1) The investigation of the intcraotion between hydrogem molcoules, in o
varicty of approximations, and of its implications in the thcory of barrier
heights,
2) The completion of computer progremncs for caloulations on small molecules,
with applications to formaldehyade.
3) The derivation of the spin Namiltonian which rcpresents the internotion of
two eleotronio systems in the powers of the scular sroduet of thelr spins,
up to torms in (SA.SB)’.
k) The nalculation of aryropriatc self-censistent w-electron polarizabilities
for a nuber of simple conjugntod molaoules,

Long term projeots oonccmmed with genernl many-electron thecory and
the correlation problem, and also with the development of comjuter progrotmes,

will of ocourse oontinue,



